Minirhizotrons were used to observe, throughout the annual cycle, the root length density (RLD, cm cm -3 ) of fine roots in young olive trees (Olea europaea L., cv. Coratina) grown in irrigated and rainfed conditions. The trial was carried out in a semi-arid Mediterranean environment of Southern Italy.
Introduction
Over the last years, many old olive groves and new ones have been irrigated the obtaining good results such as a balanced vegetation, an early bearing and a higher and constant yield (Celano et al., 1999a; Chartzoulakis et al., 1992; Goldhamer et al., 1994; Solè Riera, 1990) . In order to achieve an environmentally sustainable water management, more knowledge is needed on the root growth. As reported by Clothier and Green (1994) , a higher water use efficiency in irrigation could be obtained by a better understanding of the plant root system, but very little information is available on root dynamics during the annual growth cycle, especially those obtained by means of non-destructive methods such as the minirhizotron technique (Fernández et al., 1992) . This root sampling method permits examination of the fine roots (< 2 mm in diameter) in situ (Majdi, 1996) , by repeated observations at the same location. Fine roots are important, because they represent the main absorbing surface (Dickmann et al., 1996) .
The aim of the study was to examine the effect of different soil water contents on root density in young olive trees, particularly in specific phenological phases, 2000, Acta Horticulturae: 537: 329-336 using the minirhizotron technique.
2. Materials and methods 2.1. Site, pedo-climatic characteristics and treatments The research was conducted in Southern Italy (41°03' N, 15°42' E). The olive grove (Olea europaea L., cv Coratina) was planted in 1992 at a 6 x 6 m spacing. The fertilisations were carried out as reported by Nuzzo et al. (1997) , while weeds were systematically controlled by shallow tilling.
The climate of the area is usually dry in the summer months, with an annual precipitation of about 670 mm and mean air temperatures ranging between 5.7°C and 24.1°C.
The soil has a medium texture, with an apparent density of 1.6 t m -3 , water content of 24.0% d.w. at field capacity and 4.3% d.w. at permanent wilting point (-2.5 MPa) (Xiloyannis et al., 1999) .
In 1992 the whole plot was irrigated and in 1993 the olive grove was divided in 2 subplots. In the Irrigated (I) treatment, trees were micro-irrigated (microjets discharging 80 l h -1 over a 1 m radius) when soil potential was about -0.08 MPa. In the Non-Irrigated treatment (NI) the plants were rainfed only.
Soil water potential was recorded by 'Boujoucos' blocks, buried at 10, 35 and 60 cm depth and at 3 distances from the trunk, on 3 plants of each treatment.
Soil temperature was measured by Skye probes and data were recorded using a CR10 Datalogger. Probes were placed 40 cm from the trunk of 2 plants for each treatment at 10, 30 and 60 cm depth in the soil.
Minirhizotrons
Roots were observed in situ using the minirhizotron-video imaging technique. Eight minirhizotrons (80 and 200 cm long and 6 cm outside diameter) per tree were placed in the soil, with an angle of 45° for 2 plants per treatment (Figure 1 ) (Bohm, 1979; Bragg et al., 1983) . The tubes explored a cylindrical volume of soil with the tree in the centre, with a radius of 120 cm and more than 75 cm deep (Figure 1 ). Each observation tube was capped with a black plastic sheet and a rubber stopper, in order to avoid sun light and rain water penetration (Mc Michael and Taylor, 1987; Franco and Abrisqueta, 1997) .
Roots were observed by means of a video-camera system consisting of a video recorder (JVP Hyper Bass Sound), a monitor (Panasonic SVHS) and a color microvideo camera (mod. BTC-2, NTSC system, Bartz Technology Company) placed at the end of a stainless steel tube, about 2 m long, with indexing holes to locate the exact camera position. This paper reports root field observations performed in 1995 during winter rest (February), flowering (May), and pit hardening (July).
Root density (RLD, root length per unit soil volume, cm cm -3 ) was calculated according to Upchurch and Ritchie (1983) .
Statistical analysis
Data were grouped for each treatment, I and NI, and expressed as a mean value according to 4 soil layers (0-25 cm; 25-50 cm; 50-75 cm; >75 cm) and 3 distances from the trunk (0-40 cm; 40-80 cm; 80-120 cm).
In order to compare values of the different treatments, roots data were subjected to analysis of variance and to Duncan's Test.
Results and discussion
The production of irrigated trees was 5.5 times greater than that obtained by non irrigated trees in 1994, and 1.4 times higher in 1995 (Table 1 ). Leaf area was 1.6 and 1.4 times higher in irrigated plants, when compared to the non-irrigated ones (Table 1) .
Temperature and rainfall during 1995 are reported in Figure 2 . The soil temperature measured at different depths during the year in the two treatments were similar (Celano et al., 1999b) . The lowest temperature was recorded in January (about 13°C), while the highest in July (about 30°C). Both values can be considered suitable for root activity. Barber et al. (1988) have found that root growth in corn is generally higher in the 9°C -28°C temperature range.
The soil water potential in the non irrigated plot was always lower when compared to the irrigated treatment, except in March and April (Figures 2, 3) . In February the soil of the irrigated plot showed temperature (14°C) and water potential (-0.12 MPa) values favourable for root growth, while a -0.40 MPa value was found for the non irrigated treatment. This allowed irrigated plants to have a higher RLD than that of non-irrigated plants, regardless of depth and distance (Table 2) . Differences between treatments were particularly meaningful at 40-80 and 80-120 cm from the trunk. At 40-80 cm from the trunk RLD of the rainfed trees was about 22, 23, 12 and 36% of that shown by irrigated plants, respectively at 0-25, 25-50, 50-75 and >75 cm depth. At 80-120 cm from the trunk the differences were even higher at 50 and 75 cm depth, where the non-irrigated RLD was respectively 10 and 6% of the irrigated plot. The differences between treatments could be due to the effect of several years of water regime on olive trees growth. As reported by Nuzzo et al. (1997) , water deficit determined a decrease of canopy development. The density of roots is strictly related to the metabolism of the whole plant (Huck et al., 1987) . The greater RLD of irrigated plants observed during winter rest could be explained as the need to adequate the root system to the more vigorous canopy development of the previous growing season. Furthermore, the higher leaf area of the irrigated plants could provide a larger total carbohydrates reserve for root activity compared with rainfed trees.
As observed in February, RLD of well watered plants measured in May was higher than RLD of non-irrigated trees (except at 25-50 cm depth within the 0-40 cm zone where the values are equal). The main differences between treatments were observed at every depth at 80-120 cm from the trunk. In both treatments, in May we recorded a decreasing RLD in comparison with the previous date. The lower root growth found during this period could be due to the greater competition existing among the different plant organs, particularly between shoot growth processes, flowering and roots.
At the end of July we observed higher RLD at 0-40 and 40-80 cm from the trunk of non-irrigated plants, especially in the upper layers (0-25 and 25-50 cm) even though this difference was statistically significant only at the 0-40 cm distance. Probably this situation was due to the effective rainfall occurred in that period, which increased water availability in the upper layers. In our research rainfall did not affect the root density of the deeper strata (50-75 and >75 cm). On this date the differences found between treatments could result more remarkable also because the irrigated plants showed an higher yield in comparison with the rainfed ones ( Table 1 ). The olive fruit needs high amounts of carbohydrates to develop, especially during the pit hardening stage (Drossopoulos and Niavis, 1988; Proietti and Tombesi, 1996) . The fruit is a strong sink and stimulates the mobilisation of essential metabolites against the competing demands of the growing roots. As reported by Klepper (1991) the number and length of roots are probably determined by available carbohydrates.
Irrigated plants showed a general tendency to rise their RLD with increasing distance from the trunk, regardless of depth. Irrigation allowed the trees to explore a greater volume of soil and develop the root system even beyond the wetted area. Similar results were observed by Nuzzo et al. (1997) which found that a greater soil volume was explored by roots of irrigated plants with no difference for the RLD of fine roots. This was mainly ascribed to the fact that the root length of the irrigated plants was distributed in a greater volume.
Conclusions
The present research confirmed the great influence of soil water content on the root growth of olive trees. RLD of irrigated plants was generally greater than that of olive trees rainfed only.
Our results revealed that the root systems of young non-irrigated plants showed a great adaptability by an immediate response to the improved root zone conditions. Heavy precipitation, occurred during the summer period, suddenly increased RLD in the upper soil layers. As reported by many authors (Dickmann et al., 1996; Fernández et al., 1992) water deficit can slow down root growth rate and increase mortality of fine roots.
The well watered plants were able to adjust their root systems to the larger above-ground development during the winter rest, when no competition with other organs for carbohydrate reserves occurred. On the other hand, soil dry conditions determined a cumulative effect over the years which indirectly affected root activity. Lack of water during the growing phase led the plants to several physiological modifications such as reduction of canopy growth and alteration of the roots-canopy ratio (Celano et al., 1999a; Nuzzo et al., 1997) .
This study proved that the root growth pattern was strongly affected by the sinksource competition established among the under-and above-ground parts of the plant, throughout the most important phenological stages of the annual plant cycle. This was more evident in the irrigated plant because of the occurring of an intensive reproductive phase (Meyer and Barrs, 1991) .
Furthermore, the minirhizotron technique allowed to quantify the RDL in limited and cultivated areas and supplied punctual information, even if it was not useful to estimate the global RDL of the plant.
Nevertheless, it allowed to identify the development periods of the root system during the growing season, giving useful information in order to manage the main agronomic techniques. 
